Magnetic clouds' structure in the magnetosheath as observed by Cluster and Geotail: four case studies by L. Turc et al.
Ann. Geophys., 32, 1247–1261, 2014
www.ann-geophys.net/32/1247/2014/
doi:10.5194/angeo-32-1247-2014
© Author(s) 2014. CC Attribution 3.0 License.
Magnetic clouds’ structure in the magnetosheath as observed by
Cluster and Geotail: four case studies
L. Turc1, D. Fontaine1, P. Savoini1, and E. K. J. Kilpua2
1Ecole Polytechnique, CNRS, Sorbonne Universités, UPMC Univ Paris 06, Univ Paris-Sud, UMR7648,
Laboratoire de Physique des Plasmas, 91128 Palaiseau, France
2Department of Physics, University of Helsinki, P.O. Box 64, 00014 Helsinki, Finland
Correspondence to: L. Turc (lucile.turc@lpp.polytechnique.fr)
Received: 6 May 2014 – Revised: 29 July 2014 – Accepted: 5 September 2014 – Published: 15 October 2014
Abstract. Magnetic clouds (MCs) are large-scale magnetic
ﬂux ropes ejected from the Sun into the interplanetary space.
They play a central role in solar–terrestrial relations as they
can efﬁciently drive magnetic activity in the near-Earth envi-
ronment. Their impact on the Earth’s magnetosphere is often
attributed to the presence of southward magnetic ﬁelds in-
side the MC, as observed in the upstream solar wind. How-
ever, when they arrive in the vicinity of the Earth, MCs ﬁrst
encounter the bow shock, which is expected to modify their
properties, including their magnetic ﬁeld strength and direc-
tion. If these changes are signiﬁcant, they can in turn affect
the interaction of the MC with the magnetosphere. In this pa-
per, we use data from the Cluster and Geotail spacecraft in-
side the magnetosheath and from the Advanced Composition
Explorer (ACE) upstream of the Earth’s environment to in-
vestigate the impact of the bow shock’s crossing on the mag-
neticstructureofMCs.ThroughfourexampleMCs,weshow
that the evolution of the MC’s structure from the solar wind
to the magnetosheath differs largely from one event to an-
other. The smooth rotation of the MC can either be preserved
inside the magnetosheath, be modiﬁed, i.e. the magnetic ﬁeld
still rotates slowly but at different angles, or even disappear.
The alteration of the magnetic ﬁeld orientation across the
bow shock can vary with time during the MC’s passage and
with the location inside the magnetosheath. We examine the
conditions encountered at the bow shock from direct obser-
vations, when Cluster or Geotail cross it, or indirectly by
applying a magnetosheath model. We obtain a good agree-
ment between the observed and modelled magnetic ﬁeld di-
rection and shock conﬁguration, which varies from quasi-
perpendicular to quasi-parallel in our study. We ﬁnd that the
variations in the angle between the magnetic ﬁelds in the
solar wind and in the magnetosheath are anti-correlated with
the variations in the shock obliquity. When the shock is in a
quasi-parallel regime, the magnetic ﬁeld direction varies sig-
niﬁcantly from the solar wind to the magnetosheath. In such
cases, the magnetic ﬁeld reaching the magnetopause cannot
be approximated by the upstream magnetic ﬁeld. Therefore,
it is important to take into account the conditions at the bow
shock when estimating the impact of an MC with the Earth’s
environment because these conditions are crucial in deter-
mining the magnetosheath magnetic ﬁeld, which then inter-
acts with the magnetosphere.
Keywords. Interplanetary physics (planetary bow shocks)
– magnetospheric physics (magnetosheath; solar-wind–
magnetosphere interactions)
1 Introduction
Coronal mass ejections (CMEs) are tremendous eruptions
in the solar corona during which the solar magnetic ﬁeld
and plasma are ejected into the interplanetary medium. In-
terplanetary coronal mass ejections (ICMEs), their counter-
parts in the heliosphere, are central in driving disturbances in
the near-Earth environment (Richardson et al., 2001, 2002;
Echer et al., 2008; Yermolaev et al., 2012). According to
the observations near the ﬁrst Lagrangian point of the Sun–
Earth system (L1), around 30% of the ICMEs display a
ﬂux-rope-like magnetic ﬁeld conﬁguration (Richardson and
Cane, 2010) and are referred to as magnetic clouds (MCs).
This subset of ICMEs is primarily deﬁned by an enhanced
magnetic ﬁeld, relative to the surrounding solar wind, which
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smoothly rotates over a large angle, and a lower temperature
(Burlaga et al., 1981).
MCs are particularly geoeffective structures, i.e. they efﬁ-
ciently trigger geomagnetic storms (see, for example, Zhang
et al., 2004; Huttunen et al., 2005). Their geoeffectivity
can generally be related to the presence of a long-lasting
southward magnetic ﬁeld. This stems from the fact that the
Earth’s magnetic ﬁeld is essentially northward in the equato-
rial plane, and thus a southward magnetic ﬁeld is favourable
to reconnection at the magnetopause. However, the correla-
tion between southward ﬁelds inside the MC and the occur-
rence of a magnetic storm is not one to one. For example, sta-
tistical studies show that no storm is associated with a sub-
stantial fraction of MCs with southward ﬁelds, from 18%
(Zhang et al., 2004) to 28% (Huttunen et al., 2005; Gopal-
swamy et al., 2008) of the events. Therefore, a better under-
standing of the interaction of MCs with the Earth’s environ-
ment is needed to reﬁne the prediction of their consequences
inside the magnetosphere, and thus improve space weather
forecasting.
When the relationship between the MC’s parameters and
itsgeoeffectivityisnotstraightforward,variousscenarioscan
be considered. Geomagnetic storms occurring during MCs
with only northward ﬁelds are frequently attributed to the
sheath preceding the MC (Huttunen et al., 2005). The mag-
netic ﬁelds at the leading or the trailing edge of the MC are
also sometimes invoked to account for the effects observed
inside the magnetosphere (Zhang et al., 2004). Some recent
studieshintatthepivotalroleplayedbythemagnetosheathin
thesolar-wind–magnetospherecoupling,whichisstillpoorly
understood (Šafránková et al., 2009; Lavraud et al., 2013;
Turc et al., 2014).
The magnetosheath is the region bounded by the bow
shock and the magnetopause in which the shocked solar wind
is deﬂected around the magnetosphere. The global physics of
this region have been well understood since the early work of
Spreiter et al. (1966), and have been extensively conﬁrmed
by spacecraft observations. It is well known that the bow
shock crossing alters the solar wind properties. Its speed de-
creases, while the density, temperature and magnetic ﬁeld
strength increase. Downstream of the bow shock, the mag-
netic ﬁeld lines pile up and drape around the magnetopause.
More recent studies suggest that other phenomena, such as
ﬁeld-ﬂow coupling, may also play a role in modifying the
magnetic ﬁeld orientation inside the magnetosheath (Long-
more et al., 2006). It is eventually this modiﬁed magnetic
ﬁeld, and not the interplanetary magnetic ﬁeld (IMF) up-
stream of the bow shock, which interacts and possibly re-
connects with the Earth’s magnetic ﬁeld.
Šafránková et al. (2009) focus on the north–south com-
ponent of the IMF, Bz, which is crucial for solar-wind–
magnetosphere coupling, and study the probability of ﬁnding
the same sign of Bz upstream and downstream of the bow
shock. They ﬁnd that this probability is very low: the sign of
Bz is preserved only 12% of the time. During low Alfvén
Mach number conditions, which are often associated with
MCs, accelerated ﬂows, sometimes exceeding the solar wind
speed, can be observed on the ﬂanks of the magnetosheath
and are attributed to the draping of the ﬁeld lines (Lavraud
and Borovsky, 2008; Lavraud et al., 2013). Such modiﬁca-
tions of the magnetic ﬁeld and velocity downstream of the
bow shock are expected to affect the coupling between the
solar wind and the magnetosphere (Lavraud and Borovsky,
2008).
However,toourknowledge,theseeffectsarenottakeninto
account when studying the geoeffectivity of MCs. Usually,
only their properties upstream of the bow shock are consid-
ered (Zhang et al., 2004; Huttunen et al., 2005; Gopalswamy
et al., 2008). Yet the physics taking place at the bow shock
and inside the magnetosheath should apply to MCs as well
as the quiet solar wind. The bow shock’s crossing and the
propagation downstream towards the magnetopause should
alter the MCs’ smoothly rotating magnetic ﬁeld, and thus its
impact on the magnetosphere.
A model of the magnetosheath magnetic ﬁeld designed
for MC studies has recently been introduced by Turc et al.
(2014). In this paper, they investigate the impact of the bow
shock’s crossing on synthetic ﬂux ropes. They ﬁnd for cer-
tain ﬂux ropes’ orientations that the direction of the MC’s
magnetic ﬁeld can vary signiﬁcantly from the solar wind
to the magnetosheath, sometimes exceeding 60◦ and occa-
sionally causing a reversal of the Bz component. This is ob-
tained in the dayside magnetosheath independently of the
ﬁeld line draping closer to the magnetopause. These vari-
ationsarerelatedtotheconﬁguration,quasi-parallelorquasi-
perpendicular, encountered at the bow shock. In addition,
Turc et al. (2014) determine the location of anti-parallel
ﬁelds, that is, favourable to reconnection, along the magne-
topause and ﬁnd patterns very different from that expected
from the MC’s magnetic ﬁeld orientation upstream of the
shock. For example, an initially northward ﬁeld during an
MC can turn south in a part of the magnetosheath and re-
sult in a region of anti-parallel ﬁelds near the subsolar point.
Therefore, Turc et al. (2014) suggest that the impact of an
MC on the magnetosphere can be strongly modiﬁed by the
processes occurring at the shock and inside the magneto-
sheath.
Although MCs have been the topic of intensive scrutiny
in the solar wind, little is known of their properties in the
Earth’s magnetosheath. One of the reasons for this is that
spacecraft observations in this region are sporadic. Satellites
dedicated to the study of the Earth’s magnetosphere, such as
Cluster (Escoubet et al., 1997), the Geomagnetic Tail Lab
(GEOTAIL) (Nishida, 1994), Double Star (Liu et al., 2005)
or the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) (Angelopoulos, 2008), occa-
sionally cross this region, but their stay in the magnetosheath
generally lasts only for a few hours. As this has to coincide
with the arrival of an MC in the vicinity of Earth, which has
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Figure 1. Orbits of the spacecraft during the four studied events in the GSE x–y (left panel) and x–z (right panel) planes. The diamonds
indicate the location of the spacecraft at the beginning of the event. The black dotted lines indicate the position of the Jeˇ ráb et al. (2005) bow
shock model and of the Shue et al. (1998) magnetopause model for typical solar wind conditions (n = 6cm−3, V = 400kms−1, B = 5nT,
Bz = 0nT).
an even smaller occurrence, MCs are seldom observed in the
magnetosheath.
This paper focuses on correlations between observations
in the solar wind upstream of the bow shock and in the
magnetosheath during MC events. The aim is to investigate
whether the magnetic structure of MCs is modiﬁed across
the bow shock and in the magnetosheath, and to quantita-
tively compare the spacecraft observations to the predictions
of the magnetosheath model developed by Turc et al. (2014).
We have selected four typical MC events during which one
or several spacecraft are located inside the Earth’s magneto-
sheath,atleastforseveralhoursduringtheMC’spassage.We
focus here on the magnetic structure of these MCs, i.e. the
smooth rotation of their magnetic ﬁeld, and how it evolves
from the solar wind to the magnetosheath. Each of the four
cases corresponds to a different evolution of the magnetic
structure across the bow shock and inside the magnetosheath,
and illustrates a typical example of magnetosheath observa-
tions during MCs.
The paper is organised as follows: in Sect. 2 we brieﬂy in-
troduce the different data sets used in this work. The four ex-
ample MCs are described in Sect. 3. In Sect. 4, we investigate
the conditions encountered at the bow shock, and compare
our results to the Turc et al. (2014) magnetosheath model in
Sect. 5. Section 6 concludes this paper with a summary and
a discussion.
2 Data sets
To investigate how the structure of MCs evolves from the
solar wind to the magnetosheath, we need simultaneous ob-
servations in these two regions. The solar wind upstream
of the Earth is continuously monitored by the Advanced
Composition Explorer (ACE) (Stone et al., 1998) spacecraft,
located near L1. Other data sets, such as the measurements
from the Wind spacecraft (Acuña et al., 1995) or the OMNI
data set propagated to Earth’s bow shock nose, can also be
used as solar wind monitors. However, during some of the
events presented in the next sections, the Wind spacecraft
was not located upstream of Earth’s environment, and in one
of the studied intervals the OMNI propagated data set con-
tains a large data gap.
Therefore, we use ACE Magnetic Field Experiment
(MAG) (Smith et al., 1998) data as a monitor of the magnetic
structure of MCs in the unperturbed solar wind. We assume
that all the large-scale structures observed in L1 actually
reach the Earth’s environment. As ACE is located close to the
Sun–Earth line, this is generally true. The data are obtained
through the CDAWeb service (http://cdaweb.gsfc.nasa.gov/
spphys/). They are shifted in time in order to account for the
propagation from L1 to the magnetosheath. The delay is ob-
tained by dividing the distance between ACE and the space-
craft inside the magnetosheath in the x direction by the solar
wind speed along x. Using a constant time lag throughout
the studied events is sufﬁcient for the purpose of our study,
as we focus on long-lasting and large-scale structures. In the
following, we will only display time-shifted ACE data, and
the reference time will be given by Cluster’s observations.
Inthe magnetosheath,we usedatafrom theCluster andthe
Geotail spacecraft when available in this region. However,
since the spacecraft generally do not remain in the magneto-
sheath during the entire MC events, observations in the solar
wind and/or the magnetosphere are also displayed. The mag-
netic ﬁeld measurements are obtained from the FluxGate
Magnetometer (FGM) (Balogh et al., 1997) aboard Clus-
ter and the Magnetic Field (MGF) instrument aboard Geo-
tail (Kokubun et al., 1994). All data from ACE, Cluster and
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Geotail shown in the following sections are 1min averages,
unless otherwise indicated. The magnetic ﬁeld components
are given in the geocentric solar ecliptic (GSE) frame.
3 Description of the events
In this section, we present four MCs observed simul-
taneously in the solar wind and the magnetosheath. They
have been selected as the most representative ones from a
database of about 30 MC events during which spacecraft
observations are available inside the magnetosheath. These
four events comprise rather long intervals of magnetosheath
measurements, and generally also bow shock crossings. Each
of them illustrates a different behaviour of the MC’s structure
inside the magnetosheath.
The orbits of Cluster and Geotail during the studied inter-
vals are displayed in Fig. 1, in the GSE x–y (left panel) and
the x–z (right panel) planes. The diamonds indicate the po-
sition of the spacecraft at the beginning of the events. As a
reference, the dotted lines indicate the Jeˇ ráb et al. (2005) bow
shockandtheShueetal.(1998)magnetopausemodelscalcu-
lated for average solar wind conditions, namely n = 6cm−3,
V = 400kms−1, B = 5nT and Bz = 0nT. Figure 1 shows
that the spacecraft provide us with a rather good coverage of
the dayside magnetosheath during these four MCs.
3.1 Event 1: MC’s structure unchanged in
the magnetosheath
Figure 2 shows the observations of ACE (time shifted to
the bow shock) in the solar wind (black curves) during 32h
starting from 20 May 2005 at 00:00UT. Just after 04:00UT
on 20 May 2005, as indicated by the vertical dotted line,
the magnetic ﬁeld strength increases in the solar wind (top
panel), corresponding to the beginning of the sheath of an
MC. This enhancement of the magnetic ﬁeld strength is ac-
companied by a weak shock observed on the solar wind
speed (not shown). The MC arrives around 07:15UT on
20 May 2005 and its front and rear edges are indicated by
the vertical dotted–dashed lines. Between these two bound-
aries, we observe a slow variation of the magnetic ﬁeld mag-
nitude and components (see Fig. 2a, b, c and d), or equiva-
lently a smooth rotation of the θ and ϕ angles (Fig. 2e and
f). These angles are deﬁned as follows: cosθ = Bz/B and
cosϕ = Bx/
q
B2
x +B2
y

.
During this event, Cluster (blue curves) is located close
to the Earth’s bow shock (solid black curves in Fig. 1).
During the few hours preceding the shock and during the
sheath of the MC, the spacecraft remains mostly in the
solar wind, as evidenced by the magnetic ﬁeld magnitude
(blue curve, Fig. 2a), which is similar to that observed by
ACE. After the beginning of the MC, that is, after 07:15UT,
and until 17:00UT on 20 May 2005, Cluster crosses the
bow shock several times and then moves from the solar
wind to the magnetosheath, as indicated by the sharp in-
creases in the magnetic ﬁeld strength due to compression
at the bow shock. After 17:00UT, the spacecraft remains
in the magnetosheath and reaches the magnetopause around
04:00UT on 21 May 2005. The transition from the magneto-
sheath to the magnetosphere can be seen on the plasma mea-
surements (not shown).
We now focus on the times when Cluster is located in the
magnetosheath. Like the magnetic ﬁeld strength, the mag-
netic ﬁeld components (Fig. 2b, c and d) increase in abso-
lute value from the solar wind to the magnetosheath because
of the compression. However, Fig. 2e and f show that even
though Cluster is located downstream of the bow shock, it
observes roughly the same magnetic ﬁeld direction as ACE.
In particular, the bow shock crossings which are clearly seen
on the magnetic ﬁeld strength cannot be identiﬁed on θ and
ϕ. Starting from 19:00UT, we observe a discrepancy be-
tween the magnetic ﬁeld directions measured by ACE and
Cluster, which increases as Cluster moves closer to the mag-
netopause. This deviation is most likely due to the draping
of the ﬁeld lines around the magnetosphere, which progres-
sively alters the magnetic ﬁeld direction when approaching
the magnetopause, and becomes more visible when moving
farther tailward. Here Cluster is located at rather high lat-
itudes, where the draping can be important. Another small
variation (below 20◦) is also observed between 09:00 and
11:00UT on ϕ (Fig. 2f), although Cluster remains close to
the bow shock.
The bottom panel of Fig. 2 displays the angle ψ between
the magnetic ﬁeld directions measured by ACE and by Clus-
ter. This angle allows us to quantify the variation of the mag-
netic ﬁeld direction from the solar wind to the magneto-
sheath with a single parameter. Contrary to the other quan-
tities shown in Fig. 2, the angle ψ is calculated from 5min
averages, because it depends on both ACE and Cluster mea-
surementsandthusonthetimeshiftappliedonthesolarwind
data set. We estimated that our propagation method leads to
errors of ±5 min, due to the difference between the mini-
mum and maximum speed during the event. Therefore, we
compute the angle ψ on 5min averages of the magnetic ﬁeld
data in order to reduce the errors due to the constant time
shift. The peak observed at 16:00UT is due to a sharp varia-
tion of the magnetic ﬁeld encompassed in the MC’s smooth
rotation.
We now focus on the global trend of ψ. The values of ψ
during the MC show that the variation of the magnetic ﬁeld
direction is mostly below 20◦, that is, the magnetic struc-
ture of the MC observed in the magnetosheath is roughly the
same as in the solar wind. We note, however, that ψ some-
times increases; for example, between 09:00 and 11:00UT,
ψ remains around 20◦ for 2h. Also, after 00:00UT on
21 May 2005, ψ increases up to 40◦ near the magnetopause,
which is crossed around 04:00UT on 21 May 2005.
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Figure 2. 20 May 2005 MC: observations from ACE (black) and Cluster (blue), in GSE coordinates. Vertical dotted line: beginning of the
sheath of the MC. Vertical dotted–dashed lines: beginning and end of the MC. From top to bottom: magnetic ﬁeld strength; Bx; By; Bz; θ;
ϕ (see text for deﬁnition of θ and ϕ); and ψ, the angle between the magnetic ﬁeld observed by Cluster and by ACE.
3.2 Event 2: temporal variation of the MC’s structure
The second MC that we will study here features one of the
most extreme solar wind events of solar cycle 23 and has
been the subject of detailed studies from the eruption of
the CME on the Sun to its consequences on Earth’s envi-
ronment (see, for example, Dasso et al., 2009; Bisi et al.,
2010). The sheath of this MC arrives around 02:40UT on
15 May 2005 at Earth’s bow shock (dotted line in Fig. 3).
As can be seen in the top panel of Fig. 3, the magnetic ﬁeld
strength observed in the solar wind by ACE (black curve)
increases up to 55nT at the beginning of the MC, indicated
by the dotted–dashed line, that is, about 10 times higher than
its usual value in the solar wind. Figure 3 shows the mag-
netic ﬁeld observations from 01:00UT on 15 May 2005 to
13:00UT on 16 May 2005. Although it takes more than 48h
for this MC to propagate past ACE, we only display here the
part of the event where we have observations from Cluster in
the solar wind or in the magnetosheath. Around 11:00UT on
16 May 2005, Cluster crosses the magnetopause and moves
into the magnetosphere.
As in the previous case, Cluster (blue curves) is in the
solar wind when it measures the same magnetic ﬁeld as ACE
and in the magnetosheath when the magnetic ﬁeld is com-
pressed. Its orbit is drawn as black dashed curves in Fig. 1.
AfterthebeginningoftheMC,Clustercrossesthebowshock
numerous times, and ﬁnally stays in the magnetosheath after
22:30UT. The investigation of the magnetic ﬁeld direction,
shown by the angles θ and ϕ (Fig. 3b and c), reveals that the
magnetosheath observations of this MC are divided into two
distinct parts. First, from 06:00 to 17:00UT on 15 May 2005,
the magnetic ﬁeld direction strongly differs from that in the
solar wind each time Cluster is located downstream of the
bow shock. The discrepancies can exceed 60◦ and are largest
on the angle ϕ. Depending on the considered magnetosheath
interval, the direction of rotation of the angles θ and ϕ varies.
Moreover, the magnetic ﬁeld direction and magnitude dis-
playlargeﬂuctuationsinsidethemagnetosheath,inparticular
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between 09:00 and 12:00UT, while the upstream magnetic
ﬁeld still rotates slowly. Then, during the latter part of the
event, that is, after 17:00UT, we get back to the same sit-
uation as in Event 1, where the magnetic ﬁeld direction is
strikingly similar to that in the solar wind.
The bottom panel of Fig. 3 displays the angle ψ between
the magnetic ﬁeld vectors at ACE and at Cluster. During the
ﬁrst part of the event, ψ ranges between 30 and 70◦ each time
Cluster is in the magnetosheath, but afterwards it falls below
20◦. One of the factors that might explain the variations in ψ
within the MC is the distance of Cluster from the bow shock.
In the ﬁrst interval, Cluster remains near the bow shock, as
evidenced by the multiple shock crossings. Then, in the sec-
ond interval, Cluster traverses across the magnetosheath to
the magnetopause. However, the multiple bow shock cross-
ings observed between 19:00 and 22:00UT indicate that the
spacecraftisstillratherclosetothebowshockduringtheﬁrst
few hours of the second part of the event. Therefore, the dis-
tance to the bow shock alone cannot explain the differences
between the ﬁrst and the second parts of the event.
3.3 Event 3: spatial variation of the MC’s structure
Figure 4 shows observations of three different spacecraft
(ACE, Cluster and Geotail) of an MC, between 21 April 2001
at 15:00UT and 22 April 2001 at 16:00UT. ACE was located
at L1, while Cluster and Geotail were found in the opposite
ﬂanks of the magnetosheath, as can be seen in Fig. 1. ACE
data, in the solar wind, are drawn in black in Fig. 4. The
beginning of the sheath of the MC is indicated by the dot-
ted line, and the dotted–dashed line marks the front edge of
the MC. As in Event 2, we do not show the entire MC, but
only the part when data are available in the dayside magneto-
sheath or close by (XGSE & −3RE), that is, until 16:00UT
on 22 April 2001. The usual magnetic ﬁeld signatures of the
MC are again clearly seen in ACE measurements: the higher
magnetic ﬁeld strength (Fig. 4a) and the smooth rotation of
its direction (Fig. 4b and c).
At the beginning of the event, from 15:00 to 22:00UT
on 21 April 2001, Cluster is located inside the magneto-
sphere, as shown by its orbit drawn in blue in Fig. 1. During
the sheath of the cloud, around 22:00UT on 21 April 2001,
Cluster crosses the magnetopause and enters the dawnside
magnetosheath, where it travels for several hours. The space-
craft observes the arrival of the MC around 00:30UT on
22 April 2001 (dotted–dashed line in Fig. 4), then encoun-
ters the bow shock several times from 06:00 to 08:30UT (see
the blue curve in Fig. 4a). After 08:30UT on 22 April 2001,
Cluster remains almost continuously in the solar wind un-
til the end of the MC and observes the same structure as
ACE. Therefore, it provides us with only a few hours of
magnetosheath observations during this event, from 00:30 to
08:30UT. When comparing Cluster magnetosheath measure-
ments to ACE solar wind observations, we note again that the
MC’smagneticﬁelddirectionobservedinthemagnetosheath
is very similar to that at L1 (Fig. 4b and c). The values of ψ
(blue curve in Fig. 4d) are below 20◦ during the entire MC,
showing that the variations in the magnetic ﬁeld direction are
very small, even downstream of the bow shock. Therefore,
this event as observed by Cluster is rather similar to Event 1
and to the second part of Event 2.
At the MC’s arrival, shortly before 01:00UT on
22 April 2001 (dotted–dashed line), Geotail (green curves)
makes an inbound crossing of the bow shock and remains in
the magnetosheath during the entire event. While Cluster is
located on the dawnside of the Northern Hemisphere, Geo-
tail probes the duskside magnetosheath, close to the ecliptic
plane (see the green curve in Fig. 1). During this event, Geo-
tail travels from the dayside to the nightside magnetosheath,
and crosses the terminator plane (i.e. XGSE = 0) around
11:30UT. Because the magnetosheath properties change
when moving farther tailward, we concentrate on the obser-
vations from 00:30 to 16:00UT on 22 April 2001, although
the MC lasts until 01:00UT the next day. Figure 4b shows
that the angle θ observed by Geotail is similar to Cluster and
ACE measurements, with the exception of the ﬁrst 2h of the
MC, from 01:00 to 03:00UT on 22 April 2001, when θ dis-
plays a variation of about 30◦. For the angle ϕ (Fig. 4c), how-
ever, the discrepancies between Geotail and the other data
sets are much larger. From 01:00 to 16:00UT on 22 April
2001, the green curve in Fig. 4c shows a similar rotation of
the magnetic ﬁeld along ϕ, but shifted by about 40◦ relative
to that observed by ACE and Cluster.
The angle ψ (green curve in Fig. 4d) varies from 50◦ at
the beginning of the MC to 10◦ at the end of the event.
In particular, we note that, between 01:00 and 06:00UT on
22 April 2001, when Cluster and Geotail are both located in-
side the magnetosheath, the values of ψ differ largely from
one observation point to another. In the dawnside, Cluster en-
counters roughly the same MC’s structure as ACE, whereas,
in the duskside, Geotail observes a magnetic ﬁeld direc-
tion which is shifted by about 40◦ but still rotates smoothly.
Therefore, the magnetic ﬁeld direction in the magnetosheath
can differ signiﬁcantly, depending on the location inside this
region.
3.4 Event 4: loss of the MC’s structure
Observations of the ACE spacecraft (black curves) during
the 22 January 2004 MC are displayed in Fig. 5. The sheath
of the MC arrives shortly after 01:30UT (dotted line), when
the magnetic ﬁeld strength increases from 5 to 25nT in the
solar wind (Fig. 5a). The smooth rotation of the MC be-
gins around 10:40UT (dotted–dashed line), as can be seen
in the magnetic ﬁeld direction measured by ACE (Fig. 5b
and c). Cluster (blue curves) is ﬁrst located in the solar wind
since it observes a magnetic ﬁeld magnitude very similar to
that at ACE during the sheath and the beginning of the MC
(see also the dotted–dashed curves in Fig. 1). It then moves
to the magnetosheath. However, the time of the bow shock
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Figure 4. 22 April 2001 MC: observations from ACE (black), Cluster (blue) and Geotail (green), in GSE coordinates. Same format as Fig. 3.
crossing is unclear on the magnetic ﬁeld data, which dis-
play large ﬂuctuations from 16:00 to 22:00UT (blue curve
in Fig. 5a, b and c). Measurements from other instruments
aboard the spacecraft, such as the electron and ion ﬂuxes
(not shown), indicate that there are in fact several bow shock
crossings from 16:30 to 17:15UT before Cluster remains in
the magnetosheath. These crossings are indicated by the ver-
tical red dotted lines in Fig. 5. Around 21:30UT, Cluster
crosses the magnetopause and moves to the magnetosphere.
Although this MC event lasts until around 07:00UT the next
day, Fig. 5 is limited to the part of the event relevant for our
study, i.e. when Cluster is outside the magnetosphere.
This case differs from the three previous events in several
aspects. First, the compression downstream of the bow shock
is very weak before 18:30UT. Although the electron prop-
erties show that the spacecraft crosses the bow shock, the
magnetic ﬁeld strength is only slightly enhanced inside the
magnetosheath, by a factor of 2 at the most. After 18:30UT,
the magnetic ﬁeld magnitude increases and ﬂuctuates around
30nT, which is about 3 times its solar wind value. Another
distinctive feature of this event is that the MC’s smooth ro-
tation is no longer observed downstream of the bow shock
(see Fig. 5b and c). The slow variation of θ and ϕ observed
in the solar wind by ACE is blurred by large ﬂuctuations in
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Figure 5. 22 January 2004 MC: observations from ACE (black) and Cluster (blue), in GSE coordinates. Same format as Fig. 3.
magnetic ﬁeld strength and direction in the magnetosheath.
Moreover, we note that these ﬂuctuations are also observed
when Cluster is in the solar wind, after 12:00UT.
ψ (Fig. 5d) illustrates the variation from the solar wind to
the magnetosheath of the 5min averaged magnetic ﬁeld. ψ is
very high during this event, generally above 30◦, when Clus-
ter is in the magnetosheath and exceeds 80◦ close to the mag-
netopause and around 19:00UT. Even on average, the mag-
netic ﬁeld direction inside the magnetosheath differs largely
from that in the solar wind.
To conclude, we have shown that the evolution of an MC’s
structure from the solar wind to the magnetosheath differs
largely from one event to another. In some cases, the mag-
netic ﬁeld direction is preserved across the bow shock (Event
1, second part of Event 2, and Cluster’s observations of Event
3). In other cases, the smooth rotation closely follows that in
thesolarwind,butatadifferentangle(Geotail’sobservations
of Event 3). Finally, the structure of the MC can be strongly
modiﬁed across the bow shock, as the magnetic ﬁeld orien-
tation rotates in a somewhat different fashion (ﬁrst part of
Event 2). Large ﬂuctuations in the magnetic ﬁeld direction
can then becloud the smooth rotation of the MC inside the
magnetosheath (ﬁrst part of Event 2 and Event 4). In addi-
tion, we have noted that the behaviour of the magnetic ﬁeld
direction across the bow shock can vary with time (Event 2),
as the MC passes by, and space, depending on the location
inside the magnetosheath (Cluster and Geotail observations
on both sides of the magnetosheath, Event 3).
4 Conditions at the bow shock
In a simple magnetosheath model, Turc et al. (2014) showed
that the MC’s structure in the magnetosheath is largely
controlled by the conditions encountered at the bow shock.
These conditions are quantiﬁed by one of the key parameters
of the bow shock – the shock obliquity, 2Bn. It is deﬁned as
the angle between the local normal to the shock’s surface and
themagneticﬁelddirectioninthesolarwind.The2Bn values
roughly deﬁne two regimes, associated with different physics
at the bow shock: if 2Bn ranges between 45 and 90◦ (0 and
45◦), the shock is in a quasi-perpendicular (quasi-parallel)
conﬁguration. An intermediate regime is sometimes deﬁned,
i.e.when2Bn isaround45◦,theso-calledobliqueshock con-
ﬁguration.
The normal to the shock’s surface can be estimated locally
when a satellite encounters the bow shock. The four example
events were precisely chosen because the spacecraft cross the
bow shock multiple times, giving us the opportunity to esti-
mate the shock obliquity. According to Rankine–Hugoniot
relations, the magnetic ﬁeld component along the shock’s
normal is kept unchanged at the bow shock’s crossing. We
perform here a minimum variance analysis (MVA) on the
magnetic ﬁeld components measured by the spacecraft to
determine the normal direction (see, for example, Sonnerup
and Scheible, 1998). The magnetic ﬁeld direction in the solar
wind is given by ACE observations, and this combined with
the results of MVA yields the value of 2Bn at the spacecraft
location and at the time of the crossing.
During the events presented in Sect. 3, Cluster encoun-
tered the bow shock several times. The values of 2Bn esti-
mated from these crossings are listed in Table 1. Note that
we only give here the crossings where MVA yields satisfac-
tory results, i.e. when the time window on which MVA is
applied does not affect its results and when the eigenvalues
of the variance matrix are well distinct, i.e. when the mini-
mum and intermediate eigenvalues differ by at least a factor
of 3.5. The Event 4 is not discussed here because the bow
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Table 1. 2Bn at the bow shock crossings estimated with MVA for
the ﬁrst threeevents. Note that Event2 is divided into twoparts, cor-
responding to the quasi-parallel and the quasi-perpendicular conﬁg-
uration at the bow shock.
Date Time 2Bn
of crossing (UT) (◦)
20 May 2005 07:52:41 84
20 May 2005 08:26:55 81
20 May 2005 09:00:40 64
20 May 2005 09:05:55 56
20 May 2005 11:35:24 71
20 May 2005 15:45:41 78
20 May 2005 16:07:00 73
20 May 2005 16:10:55 62
20 May 2005 16:48:46 61
15 May 2005 07:06:35 32
15 May 2005 07:26:12 30
15 May 2005 07:50:40 23
15 May 2005 07:53:55 20
15 May 2005 09:06:00 30
15 May 2005 09:12:25 40
15 May 2005 09:21:10 24
15 May 2005 10:25:23 19
15 May 2005 11:00:40 19
15 May 2005 11:04:35 44
15 May 2005 11:41:20 15
15 May 2005 11:46:40 23
15 May 2005 13:22:57 30
15 May 2005 15:57:20 26
15 May 2005 18:59:20 64
15 May 2005 19:33:47 66
15 May 2005 19:44:30 67
15 May 2005 21:51:34 81
15 May 2005 22:06:57 84
15 May 2005 22:11:43 90
22 Apr 2001 06:30:18 89
22 Apr 2001 06:47:40 86
22 Apr 2001 07:27:24 86
22 Apr 2001 12:21:38 87
shock crossings cannot be identiﬁed in the magnetic ﬁeld
data, since magnetic ﬁeld ﬂuctuations are of the order of the
background magnetic ﬁeld.
The 2Bn values show that during Event 1 (Sect. 3.1),
the bow shock was quasi-perpendicular at Cluster’s location
(56◦ ≤ 2Bn ≤ 84◦). Similarly, the 2Bn values indicate that
the shock encountered by Cluster during Event 3 (Sect. 3.3)
and during the second part of Event 2 (Sect. 3.2) is in
a quasi-perpendicular conﬁguration (87◦ ≤ 2Bn ≤ 89◦ and
64◦ ≤ 2Bn ≤ 90◦, respectively). In these three cases, we
have seen that the MC’s magnetic structure remains roughly
unchanged from the solar wind to the magnetosheath. Con-
versely, during the ﬁrst part of Event 2, the 2Bn values
are much lower (15◦ ≤ 2Bn ≤ 44◦), denoting that Cluster
encountersaquasi-parallelbowshock.Theselow2Bn values
are associated with a large variation of the magnetic ﬁeld di-
rectionacrossthebowshock,andthestructureoftheMCdif-
ferslargelyfromthatinthesolarwind.Therefore,theconser-
vation of the MC’s structure seems to be related to the cross-
ing of a quasi-perpendicular shock, whereas a quasi-parallel
conﬁguration gives rise to a modiﬁcation of its smooth rota-
tion.
5 Comparison with a magnetosheath model
The direct determination of the shock obliquity can only be
achieved when the spacecraft encounters the bow shock. Be-
tween two consecutive crossings, we cannot know with cer-
tainty whether the shock conﬁguration has changed or not.
More importantly, if the shock obliquity cannot be deter-
mined or if the spacecraft remains in the magnetosheath (for
example Geotail during Event 3 presented in Sect. 3.3), we
have no information about 2Bn. In these cases, the magneto-
sheath observations can be related to the conditions encoun-
tered at the bow shock through modelling.
We use here a model of the magnetosheath magnetic
ﬁeld introduced in Turc et al. (2014) and optimised for MC
conditions. Utilising the solar wind parameters as inputs,
this model computes the magnetic ﬁeld inside the magneto-
sheath. The magnetic ﬁeld just downstream of the bow shock
is calculated with Rankine–Hugoniot equations, and thus de-
pends directly on the compression ratio. It is then propagated
along the ﬂowlines calculated by the Soucek and Escoubet
(2012) model into the magnetosheath. The boundaries of the
magnetosheath are given by the Shue et al. (1998) magne-
topause and the Jeˇ ráb et al. (2005) bow shock models. The
choice of the Jeˇ ráb et al. (2005) model results from a com-
parative study of bow shock models during low Alfvén Mach
number (MA < 5) conditions, corresponding to MCs’ condi-
tions (Turc et al., 2013). More details about the magneto-
sheath model can be found in Turc et al. (2014).
We use ACE measurements as the input to the magneto-
sheath model to compute the magnetic ﬁeld components at
the position of the spacecraft (Cluster or Geotail) in the
magnetosheath and compare them to the observations. The
model gives us access to the shock conditions that the ﬂow
passing by the spacecraft encountered upon entering the
magnetosheath. Note that we cannot apply the magneto-
sheathmodeltoEvent2becausethebowshockmodelfailsto
correctly reproduce the bow shock position during this event,
as was mentioned in Turc et al. (2013). Consequently, the
ﬂow pattern inside the magnetosheath cannot be computed
during this MC.
5.1 Event 1: 20 May 2005 MC
Figure 6 displays the magnetic ﬁeld strength (Fig. 6a) and
direction (Fig. 6b and c) during the 20 May 2005 MC (Event
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Figure 6. 20 May 2005 MC: comparison between the magnetosheath model’s results (dashed blue lines) and Cluster’s observations (solid
blue lines), in GSE coordinates. From top to bottom: magnetic ﬁeld strength, θ, ϕ, ψ and 2Bn. Red diamonds: 2Bn estimated with MVA
from the observations.
1). It corresponds to the part of Fig. 2 bounded by the two
dotted–dashed lines. We show Cluster’s observations (solid
blue curves) and the magnetosheath model’s results (dashed
blue curves) during this event. Cluster encounters the shock
many times during this event, but the model does not accu-
rately reproduce the times of the bow shock crossings (see
Fig. 6a). This is probably due to the bow shock model, based
on statistics, which does not take into account the shock’s dy-
namics. However, on average, the bow shock model correctly
estimates in which region – magnetosheath or solar wind –
the spacecraft is located. Around 04:00UT on 21 May 2005,
the magnetopause model predicts that Cluster crosses the
magnetopause, which is consistent with the observations.
Inside the magnetosheath, the modelled magnetic ﬁeld
strength is slightly overestimated, in particular after
16:30UT, but on the whole it is of the same order as that
measured by Cluster. After 23:15UT, the model predicts
large peaks of the magnetic ﬁeld magnitude which are not
observed by the spacecraft. These peaks correspond to de-
creases in the Alfvén Mach number. The model predicts that
the bow shock will retreat sunward, and thus the spacecraft
appears to be located closer to the magnetopause relative to
the distance between the bow shock and the magnetopause,
i.e. in a region of larger magnetic compression. We will not
discuss any further the discrepancies between the observed
and modelled magnetic ﬁeld strength because they are due
to the combined effects of the approximations made in the
magnetosheath model such as the compression ratio at the
bow shock, the magnitude of the ﬂow velocity, or the density
proﬁle inside the magnetosheath (see Turc et al., 2014).
The magnetic ﬁeld direction given by the model is in ex-
cellent agreement with the magnetosheath observations, as
shown by the angles θ and ϕ (Fig. 6b and c), as well as the
angle ψ between the magnetic ﬁeld vectors in the solar wind
asmeasuredbyACEandinthemagnetosheath(Fig.6d).Fig-
ure 6e shows the 2Bn values encountered at the bow shock
at the location connected to the spacecraft along the ﬂow-
line. Since 2Bn is not deﬁned upstream of the bow shock,
the model only provides us with 2Bn values when it predicts
the spacecraft to be in the magnetosheath. The results of the
model are drawn as a blue dashed curve. They are consis-
tent with the 2Bn values estimated from Cluster’s measure-
ments when the spacecraft crosses the bow shock, indicated
by the red diamonds. In particular, it reproduces well the de-
crease in 2Bn to about 60◦ around 09:30UT and to about
70◦ around 16:30UT. The model results show that the 2Bn
remains mostly close to 90◦ after Cluster’s last bow shock
crossing around 16:45UT.
If we compare ψ and 2Bn (Fig. 6d and e), we ﬁnd that
the variations in ψ seem to be anti-correlated to that of
2Bn during the ﬁrst half of the event, approximately un-
til 22:00UT on 20 May 2005. In particular, we note that
the deviation between the magnetic ﬁeld directions observed
in the solar wind and in the magnetosheath from 09:00 to
11:00UT on 20 May 2005, already mentioned in Sect. 3.1,
corresponds to a decrease in 2Bn. However, the higher ψ
values after 22:00UT cannot be related to a variation of the
shock obliquity, since 2Bn remains close to 90◦. Accord-
ing to the magnetosheath model, which reproduces these en-
hanced ψ values well, this increase is due to the ﬁeld line
draping around the magnetosphere. Therefore, the magneto-
sheath model allows us to separate the impact of the shock
obliquityfromtheeffectsofthedrapingonthemagneticﬁeld
direction inside the magnetosheath.
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Figure 7. 22 April 2001 MC: comparison between the magnetosheath model’s results (dashed lines) and the observations (solid lines) at
Cluster’s (blue lines) and Geotail’s (green lines) locations, in GSE coordinates. Same format as Fig. 6.
5.2 Event 3: 22 April 2001 MC
Figure 7 shows the results of the magnetosheath model dur-
ing the 22 April 2001 MC at Cluster (dashed blue curves)
and Geotail (dashed green curves) locations, together with
Cluster (solid blue curves) and Geotail (solid green curves)
observations. The plotted interval corresponds to the part on
the right of the dotted–dashed line in Fig. 4. Cluster is found
in the dawnside magnetosheath at the beginning of the MC,
and then it moves to the solar wind after 08:30UT. Geotail
remains in the duskside magnetosheath during the entire in-
terval displayed in Fig. 7. Again, the model provides a cor-
rect order of magnitude for the magnetic ﬁeld strength inside
the magnetosheath. As in the previous case, the modelled
magnetic ﬁeld direction is in excellent agreement with the
observations (see Fig. 7b and c), and the angle ψ (Fig. 7d)
shows that the model ﬁts well with the observations for both
spacecraft. ψ remains very small at Cluster’s location, and
decreases from 40 to 20◦ at Geotail’s.
Figure 7e displays the values of 2Bn upstream of Geotail
(dashed green curve) and Cluster (dashed blue curve) when
the spacecraft are located downstream of the modelled bow
shock. The model shows that Cluster is found downstream of
a quasi-perpendicular shock during the ﬁrst part of the MC
(2Bn ≥ 65◦) before moving to the solar wind. The compar-
ison between observed and modelled 2Bn is limited, since
there are only four 2Bn values calculated with MVA (red di-
amonds in panel e) because Cluster crosses the bow shock
only a few times, but a very good agreement is obtained. The
values of the shock obliquity upstream of Geotail are lower,
ranging between 40 and 70◦ during the ﬁrst half of the event.
Geotail is then found downstream of a shock in an oblique
conﬁguration.
The differences observed between Cluster and Geotail
measurements could also be interpreted in terms of their lo-
cation inside the magnetosheath relative to the magnetopause
and the bow shock, since the angle ψ would increase due to
ﬁeld line draping when moving closer to the magnetopause.
We computed the angle ψ along the same ﬂowlines as the
spacecraftbutjustdownstreamofthebowshock,wherethere
is no draping effect. The changes are negligible for Cluster;
for Geotail, the angle ψ roughly exhibits the same variations,
but with slightly smaller values. However, the contribution of
the draping to the encountered ψ values never exceeds 10◦.
This conﬁrms that the ψ values are higher at Geotail’s lo-
cation than at Cluster’s, mainly because the 2Bn values up-
stream of this spacecraft are lower.
Finally, we note that the variations in ψ and 2Bn are anti-
correlated, as was observed in Event 1. This anti-correlation
is particularly noticeable on Geotail data because the varia-
tions in these two parameters can be compared for 16 con-
secutive hours as the spacecraft remains continuously in the
magnetosheath (green curves in Fig. 7d and e). This sug-
gests that the variation of the magnetic ﬁeld direction from
the solar wind to the magnetosheath is a function of the 2Bn
values.
5.3 Event 4: 22 January 2004 MC
Cluster’s observations (solid blue curves) during the 22 Jan-
uary 2004 MC, from 10:30 to 21:30UT, are displayed in
Fig. 8 together with the outputs of the magnetosheath model
computed at the spacecraft’s location (dashed black curves).
Again, this coincides with the part of Fig. 5 on the right of
theverticaldotted–dashedline.Duringthisevent,Clusterob-
serves very large ﬂuctuations in the magnetic ﬁeld during the
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Figure 8. 22 January 2004 MC: comparison between the magnetosheath model’s results (dashed black lines) and Cluster’s observations
(solid blue lines), in GSE coordinates. Same format as Fig. 6.
MC, both upstream and downstream of the bow shock. Be-
cause of these ﬂuctuations, the bow shock crossings are un-
clear in the magnetic ﬁeld data, but can be identiﬁed with the
plasma properties. The model predicts the spacecraft to cross
the bow shock around 15:45UT, that is, about 45min be-
fore the actual crossings, which are marked by the red dotted
lines. As mentioned previously, this is due to the limitations
of the bow shock model.
First, we note that the large ﬂuctuations in the magnetic
ﬁeld magnitude and direction observed in Cluster data (solid
blue curves) are not reproduced by the model (dashed black
curves). Therefore, we will mostly discuss the average trend
of the magnetic ﬁeld measurements. On average, the mod-
elled magnetic ﬁeld strength is of the same order of magni-
tude as that measured by the spacecraft (Fig. 8a), although
the model tends to underestimate it. In terms of the magnetic
ﬁeld direction, the θ and ϕ obtained with the model are rather
close to the average values of the measured θ and ϕ (Fig. 8b
and c).
Similarly, the ψ angle (Fig. 8d) given by the model (black
curve) reproduces the measurements (blue curve) rather well,
most likely because it is calculated from 5min averages,
which smooth the ﬂuctuations. The major difference be-
tween the two curves in Fig. 8d is the position of the peak
around 18:30–19:00UT. According to the magnetosheath
model, the increase in ψ up to 80◦ around 18:30UT coin-
cides with an outward motion of the magnetopause and the
bow shock caused by a decrease in the Alfvén Mach number
(not shown). Because of the displacement of the boundaries,
the spacecraft is located much deeper inside the magneto-
sheath from 18:00 to 19:00UT. Therefore, the peak of ψ is
probably due to the draping of the ﬁeld lines. What causes
the time shift between the modelled (around 18:30UT) and
observed (around 19:00UT) enhancements of ψ is not clear,
however. The decrease in the Alfvén Mach number occurs
shortly before 18:00UT at ACE, and should take less than
1h to travel from L1 to the bow shock, according to the solar
wind speed. The time lag between the two peaks may stem
from the dynamics of the boundaries, which are not properly
taken into account in the models, as demonstrated by the bow
shock crossing predicted ahead of time. Apart from this peak,
the modelled ψ values are quite similar to those provided by
Cluster data. In particular, the increase from 40 to 80◦ after
19:30UT obtained with the model is in very good agreement
with the observations.
As indicated by the 2Bn values (Fig. 8e), the spacecraft is
located downstream of a strongly quasi-parallel shock: 2Bn
remains around 20◦ from 15:30 to 21:30UT. The large vari-
ation of the mean magnetic ﬁeld direction across the bow
shock, denoted by the high ψ values, above 30◦, is most
likely related to these low 2Bn values. At the end of the plot,
however, the increase in ψ is not accompanied by variations
in 2Bn. Therefore, we infer that it is related to the draping
of the ﬁeld lines because at this time Cluster approaches the
magnetopause, as was the case in Event 1. Since we are in
a quasi-parallel conﬁguration, the large ﬂuctuations in the
magnetic ﬁeld observed by Cluster are expected (see, for ex-
ample, Shevyrev and Zastenker, 2005; Shevyrev et al., 2007).
In particular, from 12:00 to 16:00UT, when Cluster is in the
solar wind, it in fact probes the foreshock, which interacts
with the MC. Thus the smoothly rotating magnetic ﬁeld of
the MC can already be altered upstream of the bow shock.
As mentioned in Turc et al. (2014), the magnetosheath
model is not expected to reproduce the ﬂuctuations ob-
served downstream of the quasi-parallel shock, or upstream
in the foreshock, because it does not take into account the
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microphysical processes taking place there. However, Fig. 8
shows that the average magnetic ﬁeld direction seems to
be reasonably well estimated by the model, even for such
low 2Bn values. Regardless, we cannot reasonably use the
magnetosheath model to further interpret the observations in
this shock conﬁguration.
6 Discussion and conclusions
The Earth’s bow shock is known to modify the properties
of the incoming solar wind to divert it around the magneto-
sphere. In particular, the interplanetary magnetic ﬁeld (IMF)
magnitude increases and its direction rotates as predicted
by the Rankine–Hugoniot relations and due to the ﬁeld line
draping around the magnetopause. The same processes are
expected to occur when an MC crosses the bow shock.
This could signiﬁcantly modify the orientation of the MC’s
magnetic ﬁeld and consequently alter its interaction with
the magnetosphere through reconnection or other local pro-
cesses. However, the effects of the bow shock on the MC’s
magnetic structure are generally not taken into account when
studying the geoeffectivity of MCs.
In this paper, we analyse spacecraft observations in the
Earth’s magnetosheath to investigate the variation of the
magnetic structure of MCs caused by the bow shock’s cross-
ing. We study four events as four typical and different ex-
amples of magnetosheath observations during MCs. In the
ﬁrst case, the MC’s structure observed in the magnetosheath
is roughly the same as that in the solar wind. In contrast,
the second event highlights that the MC’s smooth rotation
sometimes differs largely from that observed upstream of the
bow shock. Moreover, the alteration of the MC’s structure
across the bow shock can vary with time as the MC passes
by the Earth. In the third example, data from two different
spacecraft are available simultaneously at two different loca-
tions inside the magnetosheath. The combined observations
of Cluster and Geotail show that the structure of the MC dif-
fers from one region of the magnetosheath to another during
this event. In the dawnside magnetosheath, the magnetic ﬁeld
orientation is the same as in the solar wind, whereas in the
duskside it follows the smooth rotation observed upstream,
but at a different angle. Finally, the fourth event illustrates
that, in some cases, the MC’s smooth rotation disappears in-
side the magnetosheath because of large magnetic ﬁeld ﬂuc-
tuations. In this case, the magnetic compression downstream
of the bow shock is also very weak.
The differences between these four events appear to be
strongly related to the conditions encountered at the bow
shock. The values of the shock obliquity, 2Bn, are deter-
mined directly with minimum variance analysis when bow
shock crossings are observed, or indirectly with a magneto-
sheath model (Turc et al., 2014). A good agreement between
the model’s results and the observations is obtained. We ﬁnd
that, when 2Bn is close to 90◦, the structure of the MC is
roughly conserved downstream of the bow shock. As 2Bn
decreases to more oblique values, the variation of the mag-
netic ﬁeld directionfrom the solar wind to the magnetosheath
increases. If the shock is in a quasi-parallel conﬁguration, the
MC’s structure inside the magnetosheath differs signiﬁcantly
fromthatinthesolarwind.InEvent2,themodiﬁcationofthe
magnetic ﬁeld orientation can exceed 60◦ just downstream of
the bow shock. The temporal variation of the difference be-
tween upstream and downstream structures, observed during
the 15 May 2005 MC (Event 2), can be related to the time-
varying shock conﬁguration, which progressively turns from
quasi-parallel to quasi-perpendicular at Cluster’s location as
the MC moves past the Earth.
The results of this case study stress the important role
played by the shock conﬁguration on the MC’s structure
inside the magnetosheath. This is consistent with the con-
clusions drawn by Turc et al. (2014) when applying the
magnetosheath model to synthetic MCs. On the basis of
the observations of the magnetic structure of MCs in the
magnetosheath, we suggest that three different scenarios can
occur at the bow shock’s crossing, depending on the encoun-
tered shock conﬁguration, i.e. quasi-perpendicular, oblique
or quasi-parallel. If the shock is in a quasi-perpendicular
conﬁguration (i.e. 2Bn & 60◦), the MC’s structure is almost
unchanged at the bow shock’s crossing, that is, ψ is be-
low 20◦. In an oblique conﬁguration (i.e. 60◦ & 2Bn & 30◦),
the magnetic ﬁeld orientation varies signiﬁcantly (ψ > 20◦)
but still follows a similar smooth rotation as in the solar
wind. Finally, if the MC encounters a quasi-parallel shock
(i.e. 2Bn . 30◦), the magnetic ﬁeld orientation again varies
largely, but in addition its slow variation changes from the
solarwindtothemagnetosheath,whereﬂuctuationsariseand
dominate any structured magnetic ﬁeld. As the quasi-parallel
and the quasi-perpendicular regimes can coexist on the bow
shock’s surface, it is likely that the MC’s structure will be
strongly modiﬁed in a part of the magnetosheath. The mag-
netic ﬁeld reaching the magnetopause during the MC’s pas-
sage will most likely display pronounced asymmetries, in the
same way as the Parker-spiral IMF creates dawn–dusk asym-
metries, which could have an impact on its interaction and
possible reconnection with the Earth’s magnetic ﬁeld. To in-
vestigate this in more detail, it could be worth considering
an extension of the Turc et al. (2014) magnetosheath model
which includes reconnection processes, as is done for exam-
ple in Cooling et al. (2001), but this lies beyond the scope of
this paper.
In addition to the interpretation of the observations of MCs
inside the magnetosheath, the comparison of the model’s re-
sults with the spacecraft measurements allows for the inter-
ests and limitations of the model to be discussed. Firstly,
the magnetic ﬁeld strength obtained with the model is of the
same order of magnitude as that observed by the satellites. It
is sometimes slightly overestimated or underestimated, and
it strongly depends on the approximations made in the ﬂow
model and in the compression ratio applied at the bow shock.
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Finding the precise source of these discrepancies is left for
future work. Secondly, the modelled magnetic ﬁeld direction
is in excellent agreement with the observations. The same
conclusions are drawn for the values of 2Bn when the space-
craft cross the bow shock. We interpret the variations in the
magnetic ﬁeld direction from the solar wind to the magneto-
sheath as a function of the conditions encountered at the bow
shock, that is, the 2Bn values. In some cases, when 2Bn can-
not be invoked to account for the observed variations, the
model allows us to relate them to the ﬁeld line draping. We
also ﬁnd that the magnetosheath model yields very good re-
sults even at two distant locations inside the magnetosheath,
and allows us to consistently interpret the differences be-
tween the two spacecraft observations. Thirdly, we note that
the bow shock model does not reproduce the timing of the
bow shock crossings exactly. This is most likely due to the
fact that the bow shock model is built on statistical data sets
of the bow shock position, but does not include its dynamics.
Moreover, MCs correspond to rather extreme solar wind con-
ditions, during which the accuracy of the model is expected
to decrease. Therefore, there is a need for a more accurate
parametrisation of the bow shock position and dynamics dur-
ing MC conditions, but again this lies beyond the scope of
this paper. Finally, the magnetosheath model is not reliable
when the 2Bn values are particularly low because it does not
reproduce the magnetic ﬁeld ﬂuctuations and the turbulence
associated with the quasi-parallel shock. However we ﬁnd
a rather good agreement between the average modelled and
observed magnetic ﬁelds.
Therefore, even if no direct estimate of the bow shock nor-
mal is available, we can rely on this magnetosheath model
to determine the shock obliquity upstream of the satellite, as
was done in Sect. 5. This provides us with the means to relate
dayside magnetosheath observations during MC events to the
conditions encountered at the shock. Additionally, this model
allows for the impact of the bow shock to be separated from
the effects of the draping on the magnetic ﬁeld direction.
Finally, the present study evidences that, in some cases,
the MC’s magnetic ﬁeld varies signiﬁcantly from the solar
wind to the magnetosheath. Therefore, during such events,
the magnetic ﬁeld impinging on the magnetopause cannot
be approximated by the IMF, and the magnetosheath mag-
netic ﬁeld should be taken into account. This large variation
of the magnetic ﬁeld orientation occurs when an oblique
or quasi-parallel conﬁguration is encountered at the bow
shock’s crossing. For that reason, the knowledge of the shock
obliquity seems to be crucial to better understand the impact
of an MC on the Earth’s environment.
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